LGK Perfexion (Elekta AB) was introduced in 2006. This radiation unit is redesigned with an entirely new beam geometry compared with the previous GK models U, B, C, and 4C. [3] [4] [5] 7, [9] [10] [11] [13] [14] [15] A total of 192 cobalt-60 sources are arranged in a cylindrical configuration in 5 rings. This arrangement of sources differs substantially from the previous hemispherical arrangements and results in different source-to-focus distance for each ring varying from 374 to 433 mm. The primary and secondary collimators of previous models have been replaced by a single large 120-mm-thick tungsten collimator array ring. Consequently, no collimator helmets are needed for the Perfexion system. Details of the differences between the Perfexion and 4C systems are given in the Methods section of this paper.
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The purpose of this study was to compare dosimetric characteristics of the LGK 4C (Elekta AB) and Perfexion systems. Because all clinical experience with GK surgery has been gained with the GK models U, B, C, and 4C (radiation unit and beam geometry is the same for B, C, and 4C models), it is important to evaluate the dosimetric differences and similarities between the existing systems and the new system to assess treatment planning limitations and their possible effect on clinical outcomes. This comparison is especially important when only a single 4-or 8-mm isocenter (shot) is used for the treatment planning, as in the treatment of functional disorders (for example, trigeminal neuralgia, cluster headache, sphenopalatine neuralgia, and tremor). Treatment volume in cases of functional disorders is typically defined by the volume of target covered by 50% isodose surface in a sin- gle isocenter shot delivery. Consequently, the dosimetric characteristics of the single isocenter define the volume that is used for the treatment. If the basic dosimetry for 4-and 8-mm collimators differs between GK 4C and GK Perfexion, then one may also expect different clinical outcomes when functional disorders are treated using one or the other of these 2 systems. In this study we sought to assess basic dosimetric characteristics of the new Perfexion system and provide better understanding of the dosimetric differences between GK Perfexion and GK 4C so that any differences in clinical outcomes of patients treated with these systems can be better understood.
Methods

Comparison of Design Characteristics Between Perfexion and 4C
For the Perfexion system, the range of collimator sizes (beam sizes) is changed from the previous GK models. Only 3 collimator sizes (4, 8, and 16 mm) are now available. The 4-and 8-mm collimator sizes are the same as in the previous models, but the 14-and 18-mm collimator sizes of the previous models have been replaced with a 16-mm collimator size. The 120-mm-thick tungsten collimator ring is subdivided into 8 identical sectors, each sector containing 72 collimators (24 collimators for 4 mm, 24 collimators for 8 mm, and 24 collimators for 16 mm). The beam size for each sector is changed automatically by moving 24 sources over the selected collimator set. A sector containing 24 sources can be moved into 1 of 5 different positions: 1) sector moved to home position when system is in a standby mode, 2) sector moved to 4-mm collimator size, 3) sector moved to 8-mm collimator size, 4) sector moved to 16-mm collimator size, and 5) sector moved to off position, which is the position between 4-and 8-mm collimators, providing blocking of all 24 sources. The sector movement is performed by servocontrolled motors with linear scales located at the rear of the radiation unit. A detailed illustration of the Perfexion collimator system is provided in Fig. 1 .
The Perfexion entirely new design has had a great impact on the treatment planning software and treatment planning. As each shot with Perfexion consists of gamma beams coming from eight sectors and each sector has either 4-, 8-, or 16-mm collimation or complete beam blocking, there are now three possible approaches to the treatment planning: 1) use a shot or shots consisting of just one collimator size in all 8 sectors, this approach is equivalent to classical approach as used in the earlier models of GK; 2) use a composite shot where any of 8 sectors can have 4-, 8-, or 16-mm collimator or even completely blocked; 3) use dynamic shaping where an automatic procedure within the treatment planning system is used to block certain sectors to protect volumes defined as critical structures.
The most significant change seen in treatment planning is the ability to generate a single isocenter that is composed of different beam diameters. Such a composite shot allows for optimized dose distribution shape for the individual shots. An important aspect of the treatment delivery using the Perfexion is that there is no time penalty in the set up of very complex combinations of different collimator sizes or blocked sectors for 1 single isocenter. On the contrary, one can expect an increase in the beamon time when using combination of smaller collimators or blocked sectors. However, based on the authors' own experience of comparative study for both LGK models (that will be published elsewhere), the total beam-on time on Perfexion and LGK 4C remains about the same. More detailed information about the Perfexion design and function can be found in the 2007 article by Lindquist and Paddick. 6 
Experimental Technique
Both experimental dosimetric measurements and treatment planning calculations were used to perform dosimetric comparison between GK 4C and Perfexion. A single shot placed at the center (stereotactic coordinates: x = 100, y = 100, z = 100) of the 160-mm-diameter spherical polystyrene calibration phantom (Elekta AB) was used to generate dosimetric parameters for 4-, 8-, 14-, and 18-mm collimators for GK 4C and for 4-, 8-, and 16-mm collimators for Perfexion. For both models, Kodak EDR2 films (Eastman Kodak Company) were used in xy and xz planes in the Elekta phantom described above for each collimator size to obtain profiles in x, y, and z stereotactic axes and relative output factors for all collimator sizes. The spherical polystyrene calibration phantom with film cassette can be seen in Fig. 2 . Various dosimetric parameters obtained from treatment planning system calculations and film measurements were used to compare dosimetric characteristics of the GK 4C and Perfexion. These parameters included dose profiles for all collimators in all 3 stereotactic axes (x, y, and z), FWHM, penumbra (defined as the distance between the 20 and 80% isodose lines), cumulative dose-volume histograms for the defined volume of calculation matrix, volume of 50% isodose, mean doses delivered to the defined volume of calculation matrix, and relative output factors for all collimator sizes. Leksell GammaPlan v. 8.0 (Elekta AB) treatment planning system was used for calculations for both GK models. Dose profiles, FWHMs, and penumbrae were obtained using the Leksell GammaPlan v. 8.0 dose statistics measurement tools. Measurements were performed on a single slice with maximum possible magnification representing the central plane (xy or xz) of the spherical polystyrene phantom. The profile measurement was performed subsequently in all 3 different x, y, and z orientations with stereotactic coordinates as follows: (x, 100, 100), (100, y, 100), and (100, 100, z). The typical observed error associated with these measurements was 0.1 mm and < 1.0%. The cumulative dose-volume histograms, the volume of 50% isodose, and the mean dose were also calculated by using standard features of the measurement tools.
As a part of commissioning the new GammaPlan v. 8.0, basic dosimetric parameters were calculated and compared with the previous version of the GammaPlan 4C Release 5.34 (Elekta AB). Identical results were obtained from both treatment planning systems demonstrating that the calculating algorithm did not change from the previous version.
A Vidar VXR-16 Dosimetry Pro film digitizer (Vidar Systems Corp.) was used to scan Kodak EDR2 films with a resolution of 300 dpi. We used RIT 113 Version 5.0 (Radiological Imaging Technology, Inc.) software to analyze exposed films to obtain beam profiles, FWHMs, the penumbrae, and readings for relative output factors for both GK models. 
Results
Calculated dose profiles for both GK 4C and Perfexion are shown in Fig. 3 for all 3 stereotactic axes (x, y, and z). It is obvious from Fig. 3 that there is a very good agreement for the 4-and 8-mm profiles between the 2 systems. This is especially evident for the 4-mm profiles, which are almost identical. A comparison of FWHM for all collimators and all 3 stereotactic axes for Perfexion and 4C is given in Table 1 . A similar comparison of penumbrae for all collimators and along the 3 stereotactic axes is given in Table 2 (the penumbra is given as an average of left and right penumbrae). Excellent agreement (typically within 0.5 mm) was observed between experimental data (FWHM and penumbra) obtained from film measurements and calculated data obtained from treatment planning system calculations. Figure 4 shows Table 4 . Mean percentage dose was calculated for the matrix volume with grid size of 0.5 mm for 4-and 8-mm collimators and matrix with grid size of 1.0 mm for 14-, 16-, and 18-mm collimators.
Relative output factors for both GK 4C and Perfexion are given in Table 5. The table shows Monte Carlo values calculated by Elekta Instruments AB, which are stored as default values in the treatment planning system, as well as film measurement results from this study. Good agreement was observed between measured data and Monte Carlo calculations.
Discussion
The newly introduced Perfexion is an entirely new design with different collimator geometry, material, and number of sources and their geometrical arrangement compared with earlier GK U, B, C, and 4C models. Only the design of cobalt-60 sources remained unchanged. One could expect that these significant changes in the system design would have an impact on the basic dosimetric characteristics of the Perfexion beams. In this study similarities and differences in dosimetric characteristics between existing LGK 4C and Perfexion were investigated. The comparison was focused on the dosimetry of a single isocenter for different collimator sizes, because this characteristic defines options and limitations in planning radiation treatment.
For the majority of GK treatments, the goal of treatment planning is to find an optimal number of isocenters with appropriate collimator size to tailor the dose distribution closely to the shape of the target volume while sparing, as much as possible, the surrounding healthy tissue. For such treatment plans, the total dose distribution obtained from superposition of individual contributions from each isocenter is relevant. In contrast, the treatment planning for functional disorders is typically performed using 1 isocenter (usually 4-mm collimator) focused on the desired anatomical location. In this case, the dosimetric characteristics of this single isocenter define the total volume treated and the dose gradient. Because the clinical experience related to functional treatments has been gained until now with GK models U, B, C, and 4C, the question arises whether the treatment of functional disorders with Perfexion is dosimetrically consistent with its predecessors. If dosimetric characteristics of single 4-or 8-mm shots were different between these systems then that could affect outcomes of treatment of functional disorders.
Excellent agreement was observed between the GK 4C and Perfexion for all the dosimetric parameters investigated in this study for 4-and 8-mm collimators. For these collimators, very good agreement-typically within 0.5 mm-was also found between film measurements and calculations obtained from the treatment planning system for the dosimetric parameters FWHM and penumbra.
Dose profiles for 4-and 8-mm collimators along the x, y, and z axes also showed good agreement. It is especially difficult to detect any difference between the GK 4C and the Perfexion for the 4-mm collimator. Similarly, good agreement was observed for FWHM (50% isodose line). A difference of 0.2 mm in FWHM for the 4-mm collimator and 0.6-mm difference for the 8-mm collimator was observed. As a criterion for a good agreement for FWHM, one can take as reference the Radiophysical Acceptance Test required by the manufacturer, where 1.0-mm agreement is required between measured FWHM and FWHM calculated by the treatment planning system during the LGK system acceptance. Similarly, the American Association of Physicists in Medicine Report No. 54 12 states that the uncertainty in position in the beam profile for film measurement is approximately ± 1.0 mm. For the penumbra, the Perfexion system showed a 0.3-mmlarger penumbra along the z-axis for the 4-mm collimator and a 0.5-mm-larger penumbra for the 8-mm collimator. An identical penumbra for the 4-mm collimator was observed along the x and y stereotactic axes for both models; a 1.0-mm-larger penumbra for the 8-mm collimator was observed along the x and y axes for the GK 4C. This can be explained based on the geometric penumbra, which is a function of the distance from the collimator to the isocenter (the penumbra increases with distance). Whereas for the GK 4C the distance for all sources is constant from collimator to isocenter, in the Perfexion this distance varies. Sources located in the front part of the unit are closer to the isocenter than the sources located in the rear part of the unit as can be seen from Fig.  1 . The difference in collimator to isocenter distance also respectively). Finally, mean percentage dose calculated for 4-and 8-mm collimators and matrix volume with grid size of 0.5 mm also showed good consistency between GK 4C and Perfexion. The mean percentage doses were 9.8 versus 10.3% and 30.3 versus 30.1% for 4-and 8-mm collimators and LGK 4C and Perfexion, respectively.
Good agreement was observed between measured data and Monte Carlo calculations for relative output factors for both GK 4C and Perfexion. Measured values for the GK 4C were also consistent with published results reported by different authors. 1, 2, 8 There are no experimental data on relative output factors available in the literature for the Perfexion at the time of the writing. We will report the results of measurements of relative output factors for the Perfexion by different detectors in a separate study. Differences between relative output factors for GK 4C and Perfexion can be explained by the different sizes of the reference collimators. Although 18 mm is used as the reference collimator in the case of GK 4C, 16 mm is used in the case of Perfexion. Differences in relative output factors between GK 4C and Perfexion, of course, do not have any impact on the final delivered dose because the treatment planning system automatically compensates for these differences by calculating and adjusting total exposure time.
Although Perfexion is an entirely redesigned system, it provides very good consistency with previous models, especially when comparing single isocenter dosimetry.
We were able to demonstrate in this study that there is a very good agreement in various dosimetric parameters between Perfexion and GK 4C for 4-and 8-mm isocenters. The intention of the manufacturer was to design a new system that would provide new dosimetric features for the treatment planning (combination of different collimators and dynamic shaping) and also keep consistency with former GK models. It would be quite unfavorable if any significant difference or inconsistency would occur between new and existing system for single shot dosimetric characteristics. Revision of existing clinical protocols with well-known and published outcomes would probably have to be redefined for the treatment of functional disorders. This study demonstrates that dosimetrically identical treatments of functional disorders will be delivered using either LGK 4C or Perfexion unit.
Conclusions
The most important finding of this work is that an excellent agreement exists between the dosimetric characteristics of LGK 4C and Perfexion for the 4-and 8-mm collimator. This suggests that dosimetrically identical treatments of functional disorders will be delivered using either LGK 4C or Perfexion.
